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a b s t r a c t
Experimental investigations have been carried out to examine the effects of triple-
starting helical grooves on the drag of fixed circular cylinders and the vortex-induced
vibration of elastically supported cylinders. For the elastically supported cylinder, the
Reynolds number varied from 1.3104 to 4.6104, whilst for the fixed cylinder from
3.1104 to 3.75105. A comparative approach which allows direct comparisons of the
results was adopted where two cylinders of identical dimensions and physical proper-
ties with or without helical surface grooves were tested in exactly same experimental
set-ups. In the elastically supported cylinder tests, the cylinders were attached to a
vertically cantilevered supporting rod and towed in a towing tank. Both the in-line and
cross-flow vibrations were permitted. In the fixed cylinder tests, the cylinders were
supported on rigid vertical struts and towed horizontally in the same towing tank. It is
found that for the case investigated the helical grooves were effective in suppressing
the vortex-induced cross-flow vibration amplitudes with the peak amplitude reduced
by 64%. Drag reductions of up to 25% were also achieved in the sub-critical Reynolds
number range tested in the study for the fixed cylinders.
& 2011 Elsevier Ltd. All rights reserved.
1. Introduction
A marine riser is a pipeline which typically spans between the seabed and the ocean surface. There are at least two
design issues for the dynamic response of deepwater marine risers in their interaction with ocean currents, i.e.
(i) Vortex-induced vibration (VIV): There has been a plethora of technical papers on this specific and complex aspect of riser
design over the past decade (Bearman, 2009; Blevins, 1990; Gabbai and Benaroya, 2005; Williamson and Govardhan,
2004). However, in spite of this heavy research effort, a high level of uncertainty in the marine riser VIV prediction still
remains. This is reflected in the continuing publication of a large amount of analytical, numerical, empirical and
experimental works on this topic, as well as extremely large safety factors typically applied for this aspect of riser design.
(ii) Mean drag loading: The horizontal ocean current exerts a distributed drag loading along the riser span length. This
loading determines the mean horizontal deflection of the riser and the riser interface loads at both the upper and lower
ends. High drag load can have a detrimental effect on riser operation.
The above two issues are not independent, as VIV can lead to an increase in the time-averaged drag. Empirical drag
amplification expressions can be found in Blevins (1990) where the amplified drag coefficient of a VIV circular cylinder in a
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cross-flow is typically expressed in terms of the VIV amplitude-dependent amplification factor multiplied with the inherent
drag coefficient which in the paper refers to the drag coefficient of the same cylinder held fixed in the same cross-flow.
Suppression of the VIV is sometimes needed for marine risers, particularly in deepwater with long riser lengths and
strong ocean currents. This has led to the development of various methods to reduce the magnitude of the periodic and
correlated fluctuating lift force resulting from the regular vortex shedding with the aim of lessening or even completely
suppressing the ensuing motion. For marine riser applications, the various field-proven and/or model-tested passive
suppression methods may be broadly classified as follows:
(i) Surface protrusions: A surface protrusion device is any device which modifies the form of the cylinder’s surface without
being situated predominantly in the wake of the cylinder. These devices are usually omni-directional. Examples in this
category include helical strakes (Trim et al., 2005), fins (Yeung, 2002), ropes and bumps (Bearman and Brankovic, 2004).
(ii) Near-wake stabilisers: These suppression devices are designed to situate predominantly in the near wake of the
cylinder. They are therefore unidirectional devices, although omni-directionality can be achieved by allowing the
device to rotate about the riser. These devices can be effective at reducing both the drag and VIV response. Examples
include thick fairings (Allen and Henning, 2008), splitter plates (Assi et al., 2009) and guide foils (Galvao et al., 2008).
Whilst most passive near-wake devices are typically made with rigid plastic materials for riser applications, flexible
materials such as cloths, ribbons, nets can also be used. A recent example is a loose fitting sleeve in the form of a light
flexible net with integral bobbins in a special arrangement (Brown and King, 2008).
The surface protruding VIV suppression devices can reduce vibration, but typically at the cost of increasing the drag.
The near-wake stabilisers, whilst effective in reducing both the VIV response and the drag, are almost all significantly more
difficult and expensive in handling and attaching to the risers. In addition, they may also cause galloping. At the present,
helical strakes are perhaps the most robust and commonly used suppression device. On the other hand, contrary to its
popular use, it appears that a rigorous understanding is still missing of the fundamental mechanism of suppressing VIV by
the use of strakes, with only a limited number of papers available in the public domain exploring the flow around a straked
cylinder through either CFD or experimental measurement (Constantinides and Oakley, 2006; Zhou et al., 2010). The main
disadvantage of strakes is the increase of the inherent drag. On the other hand, with the VIV motion reduction it is possible
that the drag loading is reduced in comparison with the drag on the bare riser undergoing VIV.
For deepwater marine risers, it is often required to fix thick concentric non-metallic modules around the steel pipes,
either for the purpose of providing buoyancy, or insulation against heat loss, or both. The core of the buoyancy modules is
manufactured from low density composite syntactic foam. Instead of adding devices which protrude outwards around the
modules, such as helical strakes, it is possible to modify the surface, or even penetrate into it such as to mould grooves into
the modules. This practical aspect of the buoyancy module is the motivation behind the present study. Alternatively, it is
also possible to attach plastic shells around the outer surface of a bare steel pipe in order to create grooves.
Modifying surface in the attempt to reduce the fluid drag is an old idea, particularly for shear stresses over reasonably
flat surfaces parallel with the flow. Typically this is achieved by micro-striation of the surface. For example, Parker and
Sayers (1999) investigated the effects of V-groove riblets which could reduce turbulent skin friction drag by up to 7%,
depending on the size of the groove. Typically, these groove sizes are less than 1 mm. Drag reduction over a curved body
with strong pressure gradients such as circular cylinders was investigated by the use of V-shaped or U-shaped grooves
(Ko et al., 1987; Lee and Jang, 2005; Lee et al., 2005). A common feature is that these grooves are typically of microscale
with the groove depth to the cylinder diameter ratio less than 1%. Similar to the micro-grooves, Bearman and Harvey
(1993) investigated the drag of a circular cylinder with dense dimples. The ratio of the dimple depth to the cylinder
diameter was 9103. The results of these investigations indicate that the micro-grooved or dimpled cylinders typically
do not reduce the drag, but have lower critical Reynolds numbers in common with sand-roughened cylinders.
In the present work, model test results of VIV suppression are presented for a circular cylinder with triple-starting helical
grooves. These grooves are entirely different from the micro-grooves reviewed above in their size, number and orientation.
The grooves investigated in the paper are continuous, arranged in a spiral form around the cylinder, and much bigger in
comparison. In this regard, the helical grooves are almost the mirror image of the conventional helical strakes with respect to
the cylinder surface and could be moulded in the plastic buoyancy modules around the riser. Two test programmes have been
performed. The first set of tests consists of two rigid cylinders of identical dimensions, one with grooves and the other being
smooth, supported on a cantilever elastic rod and tested under the exactly same conditions. By comparing the results of the
tests, it shows that the peak cross-flow VIV amplitude is reduced by 64% if the grooves are present. Moreover, by analysing the
VIV test results, it was inferred that the grooves would also reduce the inherent drag loading in the non-vibrating condition. In
order to confirm this, a second set of tests was carried out to specifically examine the inherent drag reduction by the use of the
grooves and the results, which have confirmed the speculation, are presented in the following sections.
2. Test set-up and result — Model test 1
The test was carried out in the towing tank of the Department of Naval Architecture and Marine Engineering, University
of Strathclyde. The tank is 77 m long, 4.6 m wide and 2.5 m at the maximum water depth with the water depth being
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adjustable. The maximum carriage speed is around 3 m/s. The rigid cylinder model was attached to the lower end of a
vertically cantilevered elastic supporting rod which was clamped to the towing carriage at its upper end, as shown in
Fig. 1. The cantilever supporting rod was circular in its cross-section and made of aluminium. The supporting rod was
connected to the rigid cylinder at the centre of its upper end via a threaded connection. The cylinder’s upper end was about
2 cm below the calm water free surface, while its lower end was close to the tank bottom with a gap about 2 cm. The
particulars of the supporting rod and the cylinder are given in Table 1.
The end effects were not quantified in the present study. During the model test, some very small surface waves due to
the surface-piercing rod and the submerged cylinder were observed. As the towing speed was relatively low as well as the
large length to diameter ratio of the cylinder, the effects of the free surface are not expected to be significant to the results
presented in the paper. Similarly, it is believed that the end effects at the lower end of the cylinder are also small. There
have been a number of VIV model test set-ups with similar upper and lower end conditions in water channels or towing
tanks, e.g. Assi et al. (2009), and a detailed study on the effects of the lower end condition can be found in Morse et al.
(2008). As the length of the supporting rod is limited by the height of the upper frame structure on the towing carriage, the
cylinder tilts slightly when it vibrates. It was estimated that the maximum tilt angle to the vertical would be around 2
degrees, and it was therefore concluded that the effects of the tilt would not be significantly important and the cylinder
motion was predominantly lateral.
Two identical smooth cylinder models were firstly fabricated, and one of the two had grooves machined into its surface.
The two models were essentially the same, apart from a negligible difference in their masses due to the material removed
in order to create the grooves. The cylinder was made of wood with its surface polished and varnished to give a smooth
finishing. The surfaces of the cylinders were deemed to be hydrodynamically smooth, and no effort was made to quantify
the surface roughness. The wooden cylinder had two thick metal plates fitted to its two ends. This was to give the right
amount of mass as well as to facilitate the threaded connection between the cylinder and the vertical cantilever supporting
rod. The mass ratio, defined as the effective cylinder structural mass divided by the displaced water mass, was 2.
The supporting rod was instrumented with strain gauges near its upper end, and the strain gauges were calibrated to
measure both the in-line and the cross-flow displacements of the rigid cylinder at its upper end. The in-situ natural
frequency of the cylinder was first measured by subjecting the model in water with a sudden disturbance which was
realised by braking the moving carriage abruptly. The natural frequency was then calculated from the ensuing decay
signals from the strain gauges. This gave the natural frequencies of the smooth and grooved cylinders at 0.97 and 0.94 Hz,
respectively. The small difference between the two natural frequencies is believed due to the slightly different structural
masses and the hydrodynamic effect of water entrainment in the grooves. The in-situ decay tests also gave the damping
ratio which exhibited certain degrees of non-linearity, i.e. the damping ratio is dependent on the displacement amplitude.
Fig. 1. Schematic of test set-up for cylinder VIV.
Table 1
Main particulars of the cylinder and the supporting rod.
Cylinder diameter 0.075 m
Cylinder length 1 m
Mass ratio 2
Groove dimensions 12 mm depth, 15 mm width, triple-start helix, pitch ratio 6
Supporting rod diameter 0.0285 m
Supporting rod length 1.8 m
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The damping ratio is around 1.5% for displacement amplitudes at around 0.2 diameters. The structural damping was not
measured as the decay test was not carried out in air.
For each cylinder, tests were carried out over a series of towing speeds from 0.2 to 0.7 m/s with a typical increment of
0.025 m/s. The Reynolds number range is between 1.3104 and 4.6104. As an example, Fig. 2 compares the time history
of the transverse displacement of the top end of the smooth cylinder with that of the grooved cylinder at the towing speed
of 0.6 m/s which is very close to the VIV resonance peak. For the smooth cylinder, the rms value of the cross-flow
displacement to the diameter ratio is 0.59. On the other hand, for the cylinder with grooves the ratio is much reduced to
0.20. Fig. 3 shows the cylinder motion trajectory in the horizontal plane. The smooth cylinder exhibits the classic crescent
VIV trajectory, while in comparison the cylinder with grooves has predominately motions in the cross-flow direction.
Fig. 4 summarises the cylinder VIV amplitude response as the towing speed increases in terms of the ratio of the rms
amplitude to the cylinder diameter. The horizontal axis is the nondimensional reduced velocity, Vr, defined as V/(Dfn)
where fn is the natural frequency of the cylinder in water. For the smooth cylinder, the VIV amplitude increases with the
reduced velocity, and peaks at around Vr¼9. It is understood that this delayed peak position, as opposed to Vr around 6,
was also observed in other model tests where both in-line and cross-flow vibrations were allowed (Jauvtis and Williamson,
2004). The mass parameter also affects the peak position. The smooth cylinder results of the present study are also
compared with the model test results of Sanchis et al. (2008) where the VIV of an elastically mounted two-degree-of-
freedom rigid cylinder with equal mass ratio and natural frequencies in both directions was investigated. It is noted that in
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Fig. 2. Time histories of the cross-flow vibration: (a) smooth cylinder and (b) cylinder with grooves. Towing speed 0.6 m/s.
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their work the mass parameter, close to unity, was smaller in comparison, but the damping ratio was higher. In converting
their results for the comparison here, it was assumed that the ratio between the amplitude and the rms value is 1.41.
Comparing the results of the smooth and grooved cylinders here, it is clear that the VIV response of the cylinder with
grooves is much reduced. It does not have a distinct peak, and in the high Vr range between 4 and 8 the response remains
fairly flat with the nondimensional rms amplitude (A/D)rms¼0.21, before it decreases as the reduced velocity exceeds 8.
Fig. 5 presents the effects of grooves on the frequency of the VIV response. The horizontal axis is the nondimensional
reduced velocity, whilst the vertical axis is the dominant spectral peak frequency of the response nondimensionalised by
the use of the natural frequency in water. The dominant frequency was obtained by carrying out spectral analysis of the
cross-flow response and the frequency of the highest spectral peak was recorded. For comparison, the Strouhal vortex
shedding frequency is also plotted with an assumed value of Strouhal number at 0.18. In addition, the results of Sanchis
et al. (2008) are also given. For the smooth cylinder, at the lower reduced velocities, the dominant frequency follows the
Strouhal relationship; whilst at higher reduced velocities, a lock-in range appears where the dominant frequencies are
closer to the natural frequency. In contrast, the frequency response of the cylinder with grooves appears to be very
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Fig. 4. Cross-flow VIV amplitude response versus reduced velocity for cylinders with and without grooves.
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different. The reason for this difference is unclear at the moment as in the present tests it was not possible to measure the
wake structure. Further study, either based on CFD or laser wake measurement, will perhaps enable us to understand
comparatively the effects of grooves on the wake and the ensuing vibration.
The mean in-line deflection of the cylinder at its upper end is given in Fig. 6. It can be seen that the grooved cylinder has
much smaller in-line mean displacement, indicating a much smaller effective drag coefficient. As the cylinder was not tested
while held fixed in the investigation, it was not clear how the drag coefficient of the cylinder with grooves compares with that
of the smooth fixed cylinder. On the other hand, using the results presented in Fig. 6, the inherent drag coefficients of the
smooth and grooved cylinders were estimated based upon an empirical expression of the drag amplification. Based upon the
estimates, it was strongly suspected that the grooves on a circular cylinder would reduce the inherent drag coefficient. If this
were to be confirmed, it would be an additional advantage of making helical grooves around cylinder surface. To this end, new
tests were carried out to investigate the effects of grooves on the inherent drag coefficient.
3. Test set-up and result — Model test 2
Fixed cylinder tests were carried out in the same towing tank. Again, comparative tests were carried out for a smooth
cylinder and a cylinder with grooves, respectively. The cylinders were mounted horizontally in the towing tank between two
strong vertical struts. The dimensions of the set-up are shown in Fig. 7. At each end, the bending moments of the cylinder in
horizontal and vertical planes were released using a universal joint. A load cell was mounted at each end of the cylinder in
between the universal joint and the strut. These load cells measured the forces in both horizontal and vertical directions. The
load cells were shielded from the flow by fairings. Two end plates of diameter 5D were used and they were not attached to the
cylinder. Fairings were also used for the vertical struts to reduce the flow disturbance from the struts.
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Fig. 7. Dimensions of the test set-up for the fixed cylinder.
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As in the VIV test of cantilevered cylinders, two identical smooth circular cylinders were firstly fabricated; one of the
two then had triple-start grooves cut into its surface. The groove shape is rectangular in the cylinder cross-section, as in
the VIV test. The two models are essentially identical, apart from the grooves. The cylinders were made of wood; the
surface was polished and varnished to give a smooth finish. The particulars of the cylinder and the grooves are given in
Table 2. The towing speeds were in the range of 0.25–3.00 m/s, which gave a Reynolds number range from 3.05104 to
3.75105.
In the tests, the data logged included the drag and lift forces at each end of the cylinder, as well as the towing carriage
speed. The drag components from each end were added together to yield the resultant drag. Repeated runs were carry out
at selected towing speeds to quantify the level of data scatter and uncertainties. For example, at the nominal towing speed
of 0.5 m/s, eight repeated runs were carried out for the smooth cylinder and it was found that the mean Cd values scatter
between the minimum of 1.160 to the maximum of 1.202 with the average of the eight runs at 1.188. For each test run, the
mean value and the standard deviation of the drag coefficient are given in Table 3. Here the drag coefficient is defined as
per the convention, i.e. the total drag force nondimensionalised by the use of the towing speed and the cylinder projected
frontal area.
The comparison of the mean drag coefficients is given in Fig. 8 for both the smooth and the groove cylinders tested in
the towing tank. For further comparison, the well established results of a smooth cylinder drag coefficient in the sub-
critical and critical Reynolds number ranges are also given and these results are taken from the classical book by Hoerner
(1965). In addition, the test results of a smooth cylinder in the towing tank of El Pardo Model Basin in Spain carried out by
the author in 2004 are also shown (Huang and Bolstad, 2004).
With reference to Fig. 8, the following observations are made.
(i) The cylinder with grooves has smaller drag coefficients in the sub-critical Reynolds number range; the maximum
reduction is about 25%. The test results confirm the conjecture derived from the cylinder VIV results presented in the
previous section. The grooves also eliminate the ‘‘drag crisis’’ region, i.e. the drag coefficient varies with Reynolds
number smoothly without the abrupt drop exhibited in smooth cylinder results. In the critical Reynolds number
range, however, the smooth cylinder has smaller drag coefficient.
(ii) In the sub-critical Reynolds number regime, the test results of the smooth cylinder agree well with the established
drag data of a circular cylinder in steady flow. The comparison between the smooth cylinder results and the
established test results largely confirms the validity of the test set-up, data acquisition, data reduction and analysis
procedure of the present study.
(iii) In the critical Reynolds number regime, the present test data of the smooth cylinder indicate a much more gentle
slope of decrease of Cd towards the ‘‘drag crisis’’ beginning at a smaller Reynolds number around 1105, as opposed
to 2105 of the established data. The exact reason for this discrepancy is not very clear at the moment. It is worth
noting that the established drag data were mostly obtained from tests in wind tunnels where the cylinder models
Table 2
Cylinder and groove dimensions.
Cylinder diameter 0.15 m
Cylinder length 1.5 m
Groove dimensions 23 mm depth, 30 mm width, triple-start helix, pitch ratio 6
Table 3
Mean and standard deviation of the drag coefficient.
Smooth cylinder Groove cylinder
V (m/s) Mean Cd Std. (Cd) V (m/s) Mean Cd Std. (Cd)
0.246 1.150 0.111 0.246 0.922 0.093
0.496 1.188 0.085 0.495 0.894 0.035
0.745 1.164 0.055 0.745 0.868 0.018
0.995 1.032 0.043 0.995 0.846 0.017
1.244 0.940 0.031 1.244 0.832 0.014
1.495 0.854 0.028 1.495 0.827 0.014
1.745 0.600 0.015 1.744 0.803 0.011
1.995 0.431 0.010 1.994 0.790 0.011
2.245 0.468 0.009 2.245 0.780 0.009
2.493 0.481 0.009 2.493 0.769 0.010
2.750 0.473 0.010 2.751 0.739 0.010
2.974 0.503 0.011 3.001 0.732 0.009
S. Huang / Journal of Fluids and Structures 27 (2011) 1124–11331130
Author's personal copy
were held stationary. On the other hand, the present test results are derived from cylinders attached to a moving
carriage in towing tank. Like any towing carriages, minute high frequency vibrations most likely exist, partly due to
the motorised carriage and partly due to the unevenness of the rails. In addition, the cylinder supporting frame might
also contribute some high frequency vibrations. The other possible key factor may relate to the turbulence level in the
towing tank which is dependent upon the waiting time between two consecutive runs. Typically the waiting time is
determined based upon the experience and the visual observation, and the turbulence level in a towing tank is not
monitored conventionally during tank testing. In the present work the waiting time between two consecutive runs
was about 25 min. It has been known that the introduction of low-intensity turbulence to the flow field promotes the
transition at lower Reynolds numbers than is the case in smooth flows (Cheung and Melbourne, 1983), and the minute
vibrations may have a similar effect. Other effects may include the model surface finishing, as well as possible
boundary effects, i.e. the free surface.
(iv) Since 2004, the author carried out a number of fixed smooth circular cylinder tests in three different towing tanks in
Europe, e.g. Huang and Bolstad (2004) with the results of the study shown in Fig. 8 for comparison. It has become clear
that an earlier and gentler transition to the ‘‘drag crisis’’ in the critical Reynolds number range appears common to the
results from all these towing tanks where, to a varying degree, small high frequency model/towing carriage vibrations
and low-intensity levels of turbulence in the tanks are unavoidable. The absence of the abrupt ‘‘drag crisis’’ may have
something to do with these factors. It would be interesting to collate more test data from other towing tank facilities
for comparison on this issue.
4. Discussion
In the absence of a comparative study of detailed flow structure measurements and cylinder surface pressure tapping
between the smooth and the grooved cylinders, the fundamental mechanism of the VIV suppression and drag reduction of
the cylinder with helical grooves is unclear at the present time. One possible explanation is that the helical grooves and
their induced axial flows introduce a span-wise variation of the flow separation over the surface and a span-wise phase
mismatch of the nominally two-dimensional vortex shedding in the near wake. Due to the increased three-dimensionality,
the base pressure increased resulting in less drag on the cylinder. Owen et al., 2001 reviewed various experiments on VIV
suppression and/or drag reduction of bluff bodies which all share a common feature of essentially introducing some kind
of span-wise variation of the bluff body. The effects of helical grooves may also fall into this category. It may also be
possible that the grooves have an effect on drag like large distributed roughness with a very low critical Reynolds number
for the start of the drag fall. It would therefore be interesting to repeat the drag test for lower Reynolds numbers.
It should be pointed out that the work presented here is of exploratory nature. Many aspects of the test can be
improved and extended, e.g. parametric variations of the groove dimensions and the pitch ratio. However, based upon the
work carried out so far and the results presented here, what appears certain is that cutting grooves into the cylinder
surface helps to reduce VIV response as well as reduce the inherent drag. As VIV increases riser drag loading, i.e. through
drag amplification, the combined effects of reducing the inherent drag coefficient as well as the VIV amplitude will reduce
the effective drag coefficient by more than the 25% achieved for the inherent drag coefficient alone. How great this
effective drag reduction can be achieved is VIV amplitude-dependent. An additional issue is that the validity of the
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empirical drag amplification expressions (Blevins, 1990) needs to be confirmed for cylinders with grooves. In view of the
increased use of buoyancy modules for deepwater risers and pipelines, as well as the relative ease of moulding grooves
into the buoyancy modules, the investigation outlined here may open up a new option to deepwater risers for VIV
suppression and drag reduction. Even if the grooves are less effective than the strakes in the VIV suppression, they are still
worth being investigated further, as the strakes will increase the drag loading on risers. In contrast, grooves reduce the
drag loading. There may also be situations where with a sizeable reduction of VIV response, the riser would have a
sufficient fatigue life. The cost of making grooves on buoyancy modules is probably considerably less than that of making
and installing strakes. In areas where high peak currents only occur for a relatively short period per year, one could explore
possible active control devices which would be switched on in high currents and switched off in low currents. Very little
work has been done on active VIV suppression devices and their effectiveness is not certain. It may be possible to combine
the grooves with an active control device whereupon the active device would only need to remove the residual VIV.
Presumably, this would make the design and operation of active control devices less demanding and consequently less
costly.
Further work is obviously needed (a) to carry out more tests for wider ranges of the key parameter values; and (b) to
understand the fundamental mechanism of the grooves in reducing VIV response and the drag. The former calls for a larger
testing programme, while the latter requires some CFD simulations and detailed flow structure measurements.
5. Conclusions
Based upon the test results presented in the paper, the following conclusions can be drawn:
(a) The triple-start helical grooves are effective in suppressing cylinder VIV response. For the case investigated here, the
reduction of the maximum cross-flow VIV amplitude is 64%.
(b) The helical grooves also reduce the inherent drag loading on the cylinder with sizeable reductions up to 25% over the
sub-critical Reynolds number range tested in the study.
Acknowledgements
The author would like to express his thanks for the assistance of Dr. S. Day and Mr. D. Clelland and Mr. R. Josh. The
financial support of BP Exploration Operating Company Ltd. is also gratefully acknowledged.
References
Allen, D.W., Henning, D.L., 2008. Comparison of various fairing geometries for vortex suppression at high reynolds numbers. In: Proceedings of the
Offshore Technology Conference, Paper No. 19377, Houston, TX, USA.
Assi, G.R.S., Bearman, P.W., Kitney, N., 2009. Low drag solutions for suppressing vortex-induced vibration of circular cylinders. Journal of Fluids and
Structures 25, 666–675.
Blevins, R.D., 1990. Flow Induced Vibration, 2nd edition Krieger Publishing Company.
Bearman, P.W., Harvey, J.K., 1993. Control of circular cylinder flow by the use of dimples. AIAA Journal 31, 1753–1756.
Bearman, P.W., Brankovic, M., 2004. Experimental studies of passive control of vortex-induced vibration. European Journal of Mechanics—B/Fluids 23,
9–15.
Bearman, P.W., 2009. Understanding and predicting vortex-induced vibrations. Journal of Fluid Mechanics 634, 1–4.
Brown, A.J., King, R., 2008. Tests with a flexible quasi-fairing to reduce riser drag, suppress VIV and limit drilling down-time. In: Proceedings of the
Offshore Technology Conference, Paper No. 19161, Houston, TX, USA.
Cheung, J.C.K., Melbourne, W.H., 1983. Turbulence effects on some aerodynamic parameters of a circular cylinder at supercritical Reynolds number.
Journal of Wind Engineering and Industrial Aerodynamics 14, 399–410.
Constantinides, Y., Oakley, Jr., O.H., 2006. Numerical prediction of bare and straked cylinder VIV. In: Proceedings of the 25th International Conference on
Offshore Mechanics and Arctic Engineering, Paper No. 92334, Hamburg, Germany.
Gabbai, R.D., Benaroya, H., 2005. An overview of modeling and experiments of vortex-induced vibration of circular cylinders. Journal of Sound and
Vibration 282, 575–616.
Galvao, R., Lee, E., Farrell, D., Hover, F., Triantafyllou, M., Kitney, N., Beynet, P., 2008. Flow control in flow–structure interaction. Journal of Fluids and
Structures 24, 1216–1226.
Hoerner, S.F., 1965. Fluid Dynamic Drag. Published by the Author.
Huang, S., Bolstad, J., 2004. Wake shielding effects of three cylinders in currents. Journal of Hydrodynamics (Series B) 16, 241–247.
Jauvtis, N., Williamson, C.H.K., 2004. The effect of two degrees of freedom on vortex-induced vibration at low mass and damping. Journal of Fluid
Mechanics 509, 23–62.
Ko, N.W.M., Leung, Y.C., Chen, J.J.J., 1987. Flow past V-groove circular cylinders. AIAA Journal 25, 806–811.
Lee, S.J., Jang, Y.G., 2005. Control of flow around a NACA 0012 airfoil with a micro-riblet film. Journal of Fluids and Structures 20, 659–672.
Lee, S.J., Lim, H.C., Han, M., Lee, S.S., 2005. Flow control of circular cylinder with a V-grooved micro-riblet film. Fluid Dynamics Research 37, 246–266.
Morse, T.L., Govardhan, R.N., Williamson, C.H.K., 2008. The effect of end conditions on the vortex-induced vibration of cylinders. Journal of Fluids and
Structures 24, 1227–1239.
Parker, K., Sayers, A.T., 1999. The effect of longitudinal micro-striations and their profiles on the drag of flat plates. Proceedings of the Institution of
Mechanical Engineers, Part C: Journal of Mechanical Engineering Science 213, 775–785.
Owen, J.C., Bearman, P.W., Szewczyk, A.A., 2001. Passive control of VIV with drag reduction. Journal of Fluids and Structures 15, 597–605.
Sanchis, A., Sælevik, G., Grue, J., 2008. Two-degree-of-freedom vortex-induced vibrations of a spring-mounted rigid cylinder with low mass ratio. Journal
of Fluids and Structures 24, 907–919.
Trim, A.D., Braaten, H., Lie, H., Tognarelli, M.A., 2005. Experimental investigation of vortex-induced vibration of long marine risers. Journal of Fluids and
Structures 21, 335–361.
S. Huang / Journal of Fluids and Structures 27 (2011) 1124–11331132
Author's personal copy
Williamson, C.H.K., Govardhan, R., 2004. Vortex-induced vibration. Annual Review of Fluid Mechanics 36, 413–455.
Yeung, R.W., 2002. Fluid dynamics of finned bodies—from VIV to FPSO. In: Proceedings of the 12th International Offshore and Polar Engineering
Conference, Kitakyushu, Japan.
Zhou, T., Razali, S.F., Cheng, L., 2010. Investigation on suppression of vortex-induced vibration using helical strakes. In: Proceedings of the 29th
International Conference on Offshore Mechanics and Arctic Engineering, Paper No. 20984, Shanghai, China.
S. Huang / Journal of Fluids and Structures 27 (2011) 1124–1133 1133
